ABSTRACT The Saccharomyces cerevisiae Iml1 complex inhibits TORC1 signaling and SEACAT antagonizes the Iml1 complex. Conditions in which SEACAT functions to inhibit Iml1 and, hence, TORC1 signaling, remain largely unknown. The SEACAT member Sea3 was linked previously to telomere maintenance and DNA repair via genome-wide genetic and physical interaction studies. Therefore, we questioned whether Sea3 functioned through TORC1 to influence these pathways. Deletion of SEA3 delayed the emergence of telomeraseindependent survivors that use break-induced replication (BIR) to maintain their telomeres. Similarly, sea3Δ mutants exhibited a delay in colony formation in a BIR assay strain after double-strand break (DSB) induction as well as on the DNA-damaging agent bleomycin. Deletion of IML1 rescued the impaired growth of sea3Δ mutants after DNA damage, consistent with Sea3 functioning as a regulator of TORC1 signaling. The delay was not attributable to slowed DSB repair or termination of the DNA damage checkpoint but to tryptophan auxotrophy. High levels of tryptophan in yeast peptone dextrose media did not rescue the delay in colony formation, suggesting a defect in tryptophan import, although levels of the high-affinity tryptophan permease Tat2 were not perturbed in the sea3D mutant. Addition of quinolinic acid, an intermediate of the de novo NAD+ biosynthetic pathway, however, rescued the delay in colony formation in the sea3D mutant. Together, these findings highlight the importance of enforcement of TORC1 signaling and suggest that internal tryptophan levels influence growth recovery post DNA damage through the role of tryptophan in NAD+ synthesis.
Sea3
Iml1 complex TORC1 tryptophan DNA damage Sea3 is a member of the vacuolar SEA complex, a dynamic complex of four proteins [Iml1 (Sea1), , which associates with the nucleoporins Seh1 and Sec13 as well as the TORC1 regulators Npr2 and Npr3 (Dokudovskaya et al. 2011) . Initial studies in budding yeast implicated the SEA complex in the response to nitrogen starvation, amino acid biogenesis, and intracellular trafficking (Dokudovskaya et al. 2011) , processes shared with the Tor complex TORC1 (Takahara and Maeda 2013) . Given this and its interaction with TORC1 regulators, it seemed likely that the SEA complex functioned in TORC1 signaling. Consistent with this, human homologs of the SEA complex components were identified as upstream regulators of mTORC1, distributing into two regulatory complexes, GATOR1 and GATOR2 (Bar-Peled et al. 2013) . The GATOR1 complex contains the Iml1 homolog, DEPDC5, as well as Nprl2 and Nprl3, whereas the GATOR2 complex contains the Sea2, Sea3, and Sea4 homologs, WDR24, WDR59, and Mios, respectively, as well as the homologs to yeast Seh1 and Sec13. This initial study revealed that GATOR2 functions as a positive regulator of mTORC1 by negatively regulating GATOR1, which is an inhibitor of mTORC1 signaling.
Further analysis of the SEA complex in S. cerevisiae revealed two epistatic groups, the Iml1 complex (a.k.a. SEACIT) and SEACAT, which segregate and function like GATOR1 and GATOR2 in humans; SEACAT (Sea2, Sea3, Sea4, Seh1, and Sec13) negatively regulates the Iml1 complex/SEACIT (Iml1, Npr2, and Npr3), which negatively regulates TORC1 signaling ( Figure 1A ) (Panchaud et al. 2013a,b) . Importantly, although there are two Tor complexes in S. cerevisiae, TORC1 and TORC2, each of which regulate a distinct set of cellular functions, (Loewith et al. 2002) , the SEA complex has only been established as a regulator of TORC1. Analysis of TORC1 signaling under conditions of amino acid deprivation revealed that Sea2, Sea3, and Sea4 act redundantly to attenuate the inhibitory properties of the Iml1 complex (Panchaud et al. 2013a) . Whether there are conditions under which an individual member of the SEACAT complex functions alone to regulate TORC1 signaling remains unknown.
Inhibition of TORC1 signaling induces a variety of cellular changes indicative of a starvation response, including a reduction in protein synthesis, enlargement of the vacuole, activation and repression of gene transcription, and induction of autophagy (Zoncu et al. 2011) . Amino acid biosynthesis and sorting of amino acid permeases are also impacted when TORC1 is inhibited in response to starvation. For example, various high affinity amino acid permeases are relocalized in the cell, changing the import of certain classes of amino acids. Wellestablished examples of this are the effects on the high-affinity tryptophan permease, Tat2, and the general amino acid permease, Gap1 (Beck et al. 1999) . In rich media, Tat2 is stable and imports tryptophan. Upon the inhibition of TORC1 signaling that results from nitrogen deprivation, the phosphatase Tap42 dephosphorylates Npr1, a serine/ threonine kinase, rendering Npr1 active. Activated Npr1 then mediates the degradation of Tat2 and localization of Gap1 to the plasma membrane (Schmidt et al. 1998; Beck et al. 1999) . Consequently, Gap1 becomes responsible for the import of amino acids, including tryptophan. Notably, several members of the SEA complex have genetic interactions with factors that regulate Gap1 localization, such as Lst8, a component of the TOR signaling pathway, and share fitness profiles across numerous chemical and environmental stress conditions with genes involved in Gap1 sorting (Dokudovskaya et al. 2011; Hillenmeyer et al. 2008) .
In addition to the aforementioned downstream targets, TORC1 signaling in budding yeast also influences telomere length maintenance and the repair of DNA double-stranded breaks (DSBs) via nonhomologous end joining. This is achieved, in part through the control of the levels of Ku (Ungar et al. 2011 ), a heterodimeric protein that has functions at both telomeric ends and DNA ends created by DSBs (Boulton and Jackson 1996) . Interestingly, SEA3 was identified in a screen for gene deletions that altered the growth of a strain bearing cdc13-1, a temperature-sensitive allele of the telomeric binding protein Cdc13 (Addinall et al. 2008) . Genes that when deleted resulted in a synthetically sick phenotype at the permissive temperature when combined with the cdc13-1 mutation were given the maintenance of telomeric capping (MTC) designation, whereas genes that when deleted synthetically rescued the cdc13-1 lethality at the nonpermissive temperature were given the rescue of telomeric capping (RTC) designation. Members of both MTC and RTC designations were varied in their known or putative biological functions. In this initial study, SEA3 was placed in the MTC group and, as a previously anonymous gene, given the name MTC5. A subsequent study, however, reported mtc5Δ (sea3Δ) synthetically rescued the cdc13-1 lethality at the nonpermissive temperature, thus exhibiting an RTC phenotype . Given this discrepancy and the results that follow, we have used the SEA3 rather than MTC5 gene designation in this report.
TORC1 also contributes to the DNA damage response (DDR) secondary to DSBs. Treatment of cells with rapamycin, which directly inhibits the TORC1 complex, and then with the DNA-damaging agent methyl methanesulfonate results in suppression of the Rad53-dependent up-regulation of ribonucleotide reductase (RNR) genes, RNR1 and RNR3, and decreased survival (Shen et al. 2007) . In addition, strains bearing RNR gene deletions have decreased survival when treated with both rapamycin and methyl methanesulfonate, leading to the hypothesis that survival of cells incurring DNA damage requires TORC1 enforcement of nucleotide pools sufficient for DNA synthesis postdamage. Interestingly, Sea3 has been found in genome-wide screens to physically interact with Yku80, Srs2, and Rfa3, all of which are DNA repair proteins (Ho et al. 2002; Chiolo et al. 2005) .
Given the role of TORC1 signaling in telomere maintenance and the DDR, and the potential connection of the upstream TORC1 regulator Sea3 with telomere and DNA repair proteins, we sought to determine whether Sea3 played a regulatory role in these processes. We found that deletion of SEA3 did not impact telomere length in telomerase-positive strains but did alter the progression of senescence in the absence of telomerase and delayed the emergence of telomeraseindependent survivors that maintain their telomeres via breakinduced replication (BIR). Similarly, sea3D mutants had a delay in colony formation after DSB induction in a strain that assays for BIR and upon exposure to the DNA-damaging agent bleomycin. We found Sea3 to function, as predicted, upstream of TORC1 through Iml1 after DSB induction. The studies unveil a novel type of recovery defect, which is not in the termination of the DDR, but rather in intracellular tryptophan. They implicate tight regulation of TORC1 signaling via Sea3 in the ability of the cell to achieve sufficient intracellular tryptophan to allow timely recovery after DNA damage.
MATERIALS AND METHODS

Strains and plasmids
The strains and plasmids used in this paper are described in Supporting Information, Table S1 . Deletion and epitope-tagged strains were generated by one-step gene replacement or integration, respectively, with the noted selectable marker. All incubations were performed at 28°.
Telomere analysis
Telomere length analysis and determination of telomerase-independent survivors were performed as described previously (Lendvay et al. 1996) .
Senescence progression assays
Serial liquid culture senescence progression assays were carried out as described previously (Le et al. 1999; Rizki and Lundblad 2001) . To summarize, spore colonies from freshly dissected tetrads were inoculated in their entirety into YPD media and grown at 28°for 46 hr. Cell counts were determined via hemocytometer. Samples were diluted back into fresh media to a concentration of 1 · 10 5 cells/mL and grown for 22 hr at which time cells were counted. The cultures were again diluted back into fresh media to a concentration of 1 · 10 5 cells/mL. Cell counts and dilution into fresh media were repeated every 22 hr. Several isolates of each genotype were examined.
Growth experiments
To assess growth in the BIR assay strain, fivefold serial dilutions of exponentially growing liquid cultures in YPLactate were plated on YPD or YPGal. To assay strains containing plasmids, the cultures were pre-grown in -Leu, -Trp, or -Ura minimal media, as appropriate, to maintain selection of the plasmid. To assess growth under conditions of stress induction, cultures were pregrown in either YPD for the YPH strain or YPLactate for the BIR assay strain and plated for single colonies on YPD medium containing 224 mg/mL bleomycin, 0.25% glucose, 0.5 M NaCl, or 3 mM hydrogen peroxide or at 37°. To assess growth under conditions of added tryptophan, fivefold serial dilutions of liquid cultures grown in YPLactate were plated on YPD, YPD + 100 mM tryptophan, YPGal, and YPGal + 100 mM tryptophan. To assess growth with added quinolinic acid, fivefold serial dilutions of liquid cultures grown in YPLactate were plated on YPD, YPD + 2 mM or 4 mM quinolinic acid, YPGal, and YPGal + 2 mM or 4 mM quinolinic acid. All phenotypes were recorded 4 days postplating unless otherwise specified. , and Sea4, acts as a negative regulator of Iml1 complex/SEACIT, which contains Iml1, Npr2, and Npr3. The Iml1 complex/SEACIT functions as a negative regulator of TORC1 signaling, which regulates a variety of downstream targets. (B) Southern blot of XhoI-digested genomic DNA isolated from wild-type and haploid SEA complex gene deletion mutants were probed with a telomere repeat specific probe. Approximately two thirds of wildtype telomeres, which contain Y´elements in the subtelomeric region, give rise to a 1.2-kb terminal restriction fragment upon XhoI digestion. The restriction fragments of greater length derive, in part, from individual telomeres that lack a Y´element. (C) Liquid culture senescence progression assays of tlc1Δ and sea3Δ tlc1Δ haploids obtained from sporulation and microdissection of a sea3D/SEA3 tlc1D/TLC1 diploid. Blue lines indicate growth curves of individual tlc1D spores (n = 7), and red lines indicate growth curves of individual sea3D tlc1D spores (n = 5). (D) As in (B) except genomic DNA was isolated daily from samples in the liquid senescence progression assay (C). Arrows indicate the emergence of Type II survivors, which acquired a more heterogeneous banding pattern.
BIR assays BIR plating and determination of percent viability were performed as described previously (Lydeard et al. 2007 ). Sensitivity to canavanine and/or hygromycin determined whether repair occurred via BIR or another pathway. All individual colonies on the YPGal plate were picked and inoculated into 96-well dishes. The cell suspensions were then pinned onto YPD, canavanine and hygromycin plates.
HO induction and repair kinetics
Strains were pregrown in YPLactate. Galactose induction, sample collection and processing, and DNA analysis were performed as described previously (Lydeard et al. 2010 ).
Protein analysis under galactose induction
Strains were pregrown in YPLactate to approximately 0.5 · 10 7 cells. Initial aliquots were taken and then galactose was added to each culture to a final concentration of 2%. Aliquots were taken at the indicated time points. Samples were spun at 3000 rpm and cell pellets washed twice with water before being frozen at 280°. The cell pellets were thawed and normalized to cell count before lysis. For analysis of Rad53 phosphorylation, protein lysates were prepared by trichloroacetic acid method as previously described (Foiani et al. 1994) . For analysis of Tat2 protein levels, samples were prepared as previously described (Abe and Iida 2003) . Before western analysis of Tat2, 50 mg of whole-cell extract was denatured in 5% SDS and 5% b-mercaptoethanol at 37°for 10 m. Western blots were probed with a-Flag (F3165; Sigma-Aldrich), a-Rad53 (provided by M. Foiani), and a-PGK (ab113687; Abcam) antibodies.
RESULTS
Sea3 impacts senescence progression and the formation of survivors in the absence of telomerase We initially were interested in examining the impact of the SEA complex genes on telomere maintenance as both sea2Δ and sea3Δ deletions were identified as modifiers of growth of a cdc13-1 strain and the sea2Δ mutant was found to have short telomeres when examined in a genome-wide screen (Addinall et al. 2008 Askree et al. 2004) . We found sea2Δ, sea3Δ, and sea4Δ haploid deletion strains had telomere lengths comparable with wild-type, whereas the iml1Δ strain had slightly longer telomeres ( Figure 1B ). Thus, in this directed analysis in the YPH274 strain background, deletion of the SEA complex genes had little, if any impact, on telomere length.
Whereas wild-type strains, which constitutively express telomerase, maintain stable telomere length with propagation, strains deficient in telomerase, such as those lacking the telomerase regulatory subunits, Est1 or Est3, the telomerase catalytic subunit, Est2, or the telomerase RNA subunit, Tlc1, experience progressive telomere shortening, which leads to eventual cellular senescence (Lendvay et al. 1996; Lundblad and Szostak 1989; Singer and Gottschling 1994) . Interestingly, the sea3Δ allele was reported to synthetically interact with the est1Δ deletion in a genome-wide screen for genes that affected telomere-driven senescence progression and recovery (Chang et al. 2011) . Therefore, we examined directly the effect of a sea3D mutation on senescence progression in the absence of TLC1. To determine this, we investigated telomere length and growth potential of sea3Δ tlc1Δ strains compared with tlc1Δ strains derived from sea3D/SEA3 tlc1Δ/ TLC1 (telomerase-proficient) diploids. The sea3D/SEA3 tlc1Δ/TLC1 diploids were sporulated and dissected, and individual meiotic segregants were inoculated into liquid culture. After 22 hr of growth, the cell concentration was determined and the cultures diluted back daily in a standard liquid culture senescence progression assay (Bertuch and Lundblad 2004; Le et al. 1999) . Although the sea3Δ single-mutant strains exhibited a brief and slight decline in growth potential on early days of the experiment, they were otherwise largely indistinguishable from wild-type with respect to growth over the course of the experiment ( Figure S1A ), consistent with previous reports (Dokudovskaya et al. 2011; Panchaud et al. 2013a) . Additionally, the single sea3D mutants, like wild-type, did not undergo progressive telomere shortening but maintained a stable telomere length over time ( Figure S1B ). We did find, however, that, with continued propagation, the sea3D tlc1D mutants had a more prolonged duration of restricted growth compared with tlc1D mutants alone, with a continued decline in cell numbers beyond day 9 and 10, until growth recovery on day 11 or 12 ( Figure 1C ). This finding was somewhat different than the genomewide study, in which sea3D (mtc5Δ) est1D mutants were found to have rad52D est1D mutant characteristics, with accelerated entry into senescence and lack of growth recovery (Chang et al. 2011) . The differences in the growth patterns may have been attributable to differences in the media [liquid (this study) vs. solid (Chang et al. 2011) ], media components, or strain background [YPH274 (this study) vs., BY4741 (Chang et al. 2011)] .
Two types of telomerase-independent survivors have been described, both of which rely on BIR to elongate telomeres in the absence of telomerase (Lundblad and Blackburn 1993; Lydeard et al. 2007; Teng and Zakian 1999) . Type I survivors amplify subtelomeric Y´elements and have short terminal telomeric repeat tracts, whereas Type II survivors amplify telomeric sequence from the very end of another telomere, resulting in highly heterogeneous lengths of terminal telomeric repeat tracts (Lundblad and Blackburn 1993; Teng and Zakian 1999) . Type II survivors predominant in serial liquid culture assays because of a growth advantage over Type I survivors (Teng and Zakian 1999) . We found that sea3Δ tlc1D mutants still formed Type II survivors in liquid culture, but the survivors took approximately 122 d longer to be visualized than for tlc1Δ mutants ( Figure 1D ), indicating a possible delay in the execution of BIR or in growth post survivor formation. Thus, although the absence of Sea3 did not impact normal telomere length maintenance, it did impact growth and recovery of telomerase-independent survivors.
Absence of Sea3 slows colony formation after DSB induction As the sea3Δ mutation slowed the appearance of BIR-dependent survivors in the absence of telomerase, we wanted to determine whether Sea3 specifically impacted BIR. To assess this, we deleted SEA3 in a strain created previously to analyze BIR at an induced DSB (Lydeard et al. 2007) . In this strain, CAN1, which confers sensitivity to canavanine and is present on the nonessential telomere-proximal end of the recipient chromosome (Chr V), is truncated by the insertion of an HO endonuclease site flanked by a hygromycin resistance (HPH) reporter (Figure 2A ). In addition, a 59 truncation of CAN1 is inserted on the donor chromosome (Chr XI), resulting in 1157 bp of CAN1 homology between the donor and recipient chromosomes. The HO endonuclease is under the control of a galactose inducible promoter. Upon exposure to galactose, the DSB generated at the HO site on Chr V is repaired via BIR, resulting in a full-length CAN1 gene and loss of the hygromycin reporter. When we deleted SEA3 in this strain, we noted a consistent 2-d delay in the formation of quantifiable colonies on galactose compared with wild-type, whereas the sea3Δ mutants formed colonies comparably with wild-type on glucose ( Figure 2B and Figure S2 , uninduced). The overall viability on galactose, however, was equivalent to wild-type ( Figure 2C) . Importantly, the effect on galactose was attributable to loss of the SEA3 gene product as it was complemented by expression of SEA3 on a CEN plasmid ( Figure S3A ).
To determine whether the growth delay was caused by a general sensitivity to galactose (rather than the DSB induced by galactose), we took sea3D mutants in the BIR strain background that had been plated previously on galactose, had undergone BIR repair of the DSB and, therefore, would not sustain another HO-induced DSB when replated on galactose, and compared their growth on galactose to sea3D mutants that had not been previously exposed to galactose and, therefore, would undergo DSB induction when plated on galactose. If the growth delay of the sea3D mutants on galactose were simply due to a general sensitivity to galactose, then the presence or absence of a cleavable HO cut site would not matter and both types of sea3D mutants would be equally sensitive to galactose. We found, however, that when the sea3D mutants that were originally plated on galactose were re-plated on galactose, quantifiable colonies appeared sooner ( Figure S2 ; see also Figure 5A and Figure S8A ), suggesting that the delay in colony formation in the sea3D mutant was not simply due to a sensitivity to galactose.
To further explore the growth delay in the absence of Sea3 after DSB induction, we examined the growth of sea3D mutants in the YPH274 genetic background on the DSB-inducing agent bleomycin. The sea3Δ mutant strain was sensitive bleomycin and, again, formed colonies more slowly than wild-type ( Figure 2D) . Growth of the sea3Δ mutant strain on galactose was comparable with the wild-type ( Figure  S3B ), thus, clearly demonstrating a growth defect attributable to DSBs and independent of galactose. Additionally, like the delay in the sea3Δ Figure 2 Loss of Sea3 impacts colony formation in the break-induced replication (BIR) assay strain and on bleomycin. (A) BIR assay strain (Lydeard et al. 2010 ). An HO cut site (HO), marked with HPH, is integrated into the CAN1 gene (represented as CA) on chromosome V, deleting the 39 portion of CAN1. The CAN1 donor (represented as AN1), which shares 1157 bp of homology to the CAN1 gene, is integrated into chromosome XI. Sites marked with A indicate AvaI sites used for monitoring BIR repair in Figure 3B BIR assay strain background when plated on galactose, the delay in colony formation in the sea3Δ mutant strain on bleomycin was complemented by expression of SEA3 on a CEN plasmid ( Figure S3B ). Therefore, absence Sea3 resulted in delayed growth upon DNA damage in two different genetic backgrounds-either via an inducible DSB in the BIR assay strain or by the DNA-damaging agent bleomycin in the YPH274 background.
sea3D mutants are not classical recovery mutants The delay in colony formation in the sea3Δ mutant BIR assay strain suggested that sea3Δ mutants may have a delay in recovery post-DNA damage. Recovery is typically defined as resumption of mitosis after repair is completed and the checkpoint is turned off; recovery mutants demonstrate sustained activation of the DDR despite repair of the DSB (Vaze et al. 2002) . A variety of proteins have been implicated in recovery and most are associated with the DNA damage checkpoint or repair (Guillemain et al. 2007; Leroy et al. 2003; Vaze et al. 2002) .
We, therefore, first determined whether the sea3D mutant BIR assay strain was able to repair the HO-induced DSB via BIR. Like wild-type, it repaired via BIR a majority of the time, as tracked by the sensitivity of the colonies to canavanine and hygromycin ( Figure 3A) . Additionally, the sea3D mutant repaired the DSB as rapidly as wildtype with repair products appearing in the interval between 8 and 10 hr after DSB induction ( Figure 3B ). Next we determined whether the mutant had a delay in terminating the DNA damage checkpoint postrepair, which is most frequently monitored by examining the pattern of Rad53 hyperphosphorylation after DSB induction. We found, however, that the sea3D mutant did not have prolonged Rad53 hyper-phosphorylation as compared to wild-type ( Figure  3C ). Taken together, as the sea3D mutant was able to repair the DSBs and extinguish the DNA damage checkpoint as proficiently as the wild-type, the delay in colony formation post DSB induction was distinct from a classical recovery defect.
Sea3 functions through the TORC1 pathway in response to DNA damage Given Sea39s role as a negative regulator of the Iml1 complex (SEACIT), which in turn negatively regulates TORC1 (Panchaud et al. 2013a,b) , we reasoned that the delay in colony formation in the sea3Δ BIR assay strain might be the result of hyperrepression of TORC1 ( Figure 4A) . If so, then deletion of IML1 would rescue the delay. This is precisely what we observed ( Figure 4B) . Similarly, we found that deletion of IML1 rescued the sea3D mutant growth delay on bleomycin in the YPH274 strain background ( Figure S4 ). Thus, these data are consistent with Sea3 functioning through TORC1 and this regulation of TORC1 impacting colony formation post-DNA repair in the BIR assay strain.
To determine whether Sea3 and, perhaps, TORC1 signaling were required for growth in response to other stress conditions, we plated sea3Δ mutants in both the YPH274 and BIR assay strain backgrounds on YPD containing a low concentration of glucose (0.25% compared to 2% in standard YPD), high salt (0.5 M NaCl added to standard YPD), or hydrogen peroxide (3 mM H 2 O 2 added to standard YPD), and at high temperature (37°). We found the sea3D mutant in the YPH274 strain background had a growth delay on medium containing high salt, an effect that was mediated through TORC1 signaling as it was rescued by deletion of IML1 ( Figure S5A ). However, a growth delay was not observed on high salt with the sea3Δ mutant in the BIR assay strain background ( Figure S5B ), suggesting the phenotype was influenced by strain specific factors and not solely the absence of Sea3. In both strain backgrounds, we found that Sea3 was not required for growth in response to any of the other stresses tested ( Figure S5 ). Taken together, although there are some strain specific differences, sea3D mutants experience a growth defect under conditions that induce DSBs and under conditions of high salt in a TORC1-dependent manner.
We next looked for possible targets downstream of TORC1 that might be responsible for the delay in colony formation phenotype. Likely candidates were factors mediating autophagy, which is negatively regulated by TORC1 signaling, and previously identified to be a pathway downstream of the yeast SEA complex (Dokudovskaya et al. 2011; Takahara and Maeda 2013) . If Sea3 functioned to promote TORC1 repression of autophagy and, thereby, regulate growth post-DNA repair, then a block in autophagy would rescue the delay observed in the sea3Δ mutant. However, we found that deletion of ATG5, which encodes a core autophagy factor (Mizushima et al. 1998) , had no impact on the delay in the BIR assay strain ( Figure  4C) . Thus, the delay in colony formation in the sea3Δ mutant was not due to aberrant up-regulation of autophagy but rather due to misregulation of another downstream TORC1 target.
The growth delay in sea3D mutants is rescued by the presence of wild-type TRP1 Both the SEA complex and TORC1 signaling have been linked to amino acid biosynthesis and internal trafficking of amino acid permeases. In the case of the SEA complex, the link has been inferred from genome-wide pairwise fitness screen data (Beck et al. 1999; Dokudovskaya et al. 2011; Schmidt et al. 1998 ). Therefore, it was possible that the delay in colony formation after DNA damage was attributable to a change in amino acid requirements. The parental BIR assay strain is auxotrophic for the amino acids tryptophan and leucine as well as the nucleobase uracil due to trp1, leu2, and ura3 mutations, respectively. Therefore, we asked whether addition of wild-type copies of these genes impacted the growth of wild-type and sea3D mutant strains. Introduction of a LEU2 CEN plasmid into the parental wildtype BIR assay strain did not result in a growth delay upon plating on galactose ( Figure S6A ), whereas deletion of SEA3 with a kanMX cassette did ( Figure S6B ), indicating that the growth delay of the sea3D:: LEU2 mutant BIR strain on galactose was not due to LEU2 expression. Surprisingly, however, introduction of a TRP1 CEN plasmid rescued the delay of the sea3Δ mutant ( Figure 5A ). The rescue was specific to TRP1, as introduction of a URA3 CEN plasmid did not similarly rescue the delay ( Figure S3A ). Likewise, TRP1 rescued the growth delay observed when the sea3Δ::HPH mutant in the YPH274 (trp1-) background was plated on bleomycin, although to a partial extent ( Figure S7 ). These results suggested that the delay in colony formation observed in sea3Δ mutants was due to perturbations in internal levels of tryptophan.
Therefore, we examined whether tryptophan availability was contributing to the sea3Δ mutant phenotype. Even in rich media, the level of tryptophan is low (measured 26 mg/mL in Jarolim et al. 2013), so we reasoned that if tryptophan availability were the source of the delay in colony formation in the sea3D mutant, addition of an excessive amount of tryptophan to the media might rescue the delay. Although we found that both wild-type and sea3Δ mutant strains grew slightly more robustly on YPGal supplemented with an additional 100 mM tryptophan compared with YPGal, the sea3D mutant still displayed a growth delay relative to the wild-type ( Figure 5B) . Combined with the rescue of TRP1 expression, this suggested that after DNA damage, sea3D mutants are either unable to import tryptophan into the cell sufficiently or that tryptophan consumption was altered.
To address this further, we examined whether the levels of Tat2 changed in the absence of Sea3 upon galactose induction in the BIR assay strain. We found that Tat2 levels were comparable throughout the time course in wild-type and the sea3D mutant, with levels declining between 32 and 48 hr ( Figure 5C and Figure S9 ). Additionally, deletion of TAT2 in the BIR assay strain did not result in a delay in colony formation post-DSB induction ( Figure S10 ), suggesting that although the delay in colony formation in the sea3D mutant appeared to be attributable to insufficient internal tryptophan levels, loss of Tat2 protein was not responsible.
Of note, we also found that the delay in colony formation in the sea3Δ BIR assay strain was only observed on rich media as, when the sea3Δ mutant was plated on synthetic defined media containing galactose and tryptophan, among the added amino acids (e.g., -Ura Gal or -Leu Gal minimal media; tryptophan concentration 40 mg/mL), it grew like the wild-type ( Figure S6 and Figure S8 ). This indicated that, under those nutrient conditions, the cells were sufficient in tryptophan uptake.
One possibility for the delay in colony formation in the sea3D mutant might relate to the availability of the coenzyme nicotinamide adenosine dinucleotide (NAD+), which is synthesized either via a salvage pathway or de novo from tryptophan via the kynurenine pathway. Notably, NAD+ is used in a wide range of cellular pathways, including those involved in DNA repair and the DDR (Kato and Lin 2014) . We hypothesized that the slow growth phenotype of the sea3D mutant post-DNA damage could be due to limiting NAD+ levels resulting from decreased internal tryptophan. Therefore, supplying an intermediate downstream from tryptophan in the de novo synthesis pathway might rescue the delay. Quinolinic acid is one such intermediate and, importantly, can be imported into cells via the high affinity nicotinic acid permease and, thereby, used to increase internal levels of NAD+ (Ohashi et al. 2013 ). When we plated wild-type and sea3D mutants in the BIR strain background on media containing galactose and varying amounts of quinolinic acid, we found the sea3D mutants grew markedly better than without quinolinic acid ( Figure 5D ). Therefore, we conclude tryptophan auxotrophy is synthetic with the sea3Δ mutation under DNA damage conditions partially due to a decline in the levels of the coenzyme NAD+.
DISCUSSION
In this study, we have shown that Sea3 is critical for the recovery of growth post-DNA damage caused by DSBs and in the absence of telomerase. We also have shown that the growth delay observed in sea3Δ mutants after DNA damage is downstream of TORC1 signaling. Though a link between TORC1 signaling and the adaptation to unrepaired DSBs has been reported, this has been shown to be via TORC1 inhibition of autophagy (Dotiwala et al. 2013) . Similarly, inhibition of autophagy by TORC1 signaling has been implicated in DNA damage sensitivity (Dyavaiah et al. 2011; Robert et al. 2011) . This study provides evidence that TORC1 signaling has a role in recovery post-DNA damage independent of autophagy, a role related to the availability of tryptophan, and, consequently, the de novo pathway of NAD+ synthesis, and enforced by Sea3.
Sea3 was placed previously in the SEACAT epistatic group because of its functional redundancy with Sea2 and Sea4 in response to nutrient conditions (Panchaud et al. 2013b) . Therefore, although, it was previously established that inhibition of TORC1 signaling results in shortened telomeres via alteration of the levels of Ku (Ungar et al. 2011) , the normal telomere length we observed in haploids bearing a SEA2, SEA3 or SEA4 gene deletion ( Figure 1B ) may have been due to Sea2, Sea3, and Sea4 functioning redundantly to inhibit the Iml1 complex and support TORC1 signaling as they do in response to nutrients (Panchaud et al. 2013b) .
We also, however, identified a role for Sea3 that could not be compensated for by the continued presence of Sea2 and Sea4, which is in the recovery following DNA damage, including at telomeres (Figure 1, Figure 2 , and Figure S3 ). Additional evidence supports the possibility that members of the SEACAT epistasis group have disparate functions. For example, although Sea2 and Sea3 are structurally similar and both genetically interact with cdc13-1 (Addinall et al. 2008 , Sea3 has an RWD domain, structurally similar to an E2 ubiquitin conjugating enzyme, which is not present in Sea2 (Dokudovskaya et al. 2011) . Additionally, sea2D homozygous mutants have a sporulation defect not observed with deletion of other SEA complex member genes [data not shown and (Briza et al. 2002) ]. Together, these results suggest that individual components of the SEACAT epistasis group may function in different circumstances to regulate TORC1 signaling.
The finding that the delay in colony formation in sea3D mutants after DNA damage was not caused by defects in the ability or kinetics of repair nor prolonged activation of the DNA damage checkpoint (Figure 3) was surprising because no studies have shown a growth defect post-DNA repair without accompanying Rad53 hyperphosphorylation. Instead, we found the delay was dependent on tryptophan auxotrophy ( Figure 5A ), uncovering the importance of tryptophan after DNA damage. Consistent with this finding, Tat2 protein levels increased in both wild-type and the sea3D mutant postbreak induction when Rad53 hyperphosphorylation was high but declined more slowly, suggesting that, even as the DNA damage checkpoint was alleviated, the demand for tryptophan import remained elevated ( Figure 3C , Figure 5C , and Figure S9 ).
The tryptophan auxotrophy-dependent delay in colony formation in the sea3Δ BIR assay strain on rich, but not synthetic, media ( Figure  S8 ) is reminiscent of the growth phenotype of yeast with mutations in ELM1, which encodes a serine/threonine kinase involved in cell growth and division (Garrett 1997) . In previous studies, elm1 mutant strains were found to have a different set of phenotypes depending on whether they were auxotrophic or prototrophic for tryptophan. In addition, the elm1 mutant phenotype was observed on rich media but not on synthetic defined media containing tryptophan. Examination of the activity of several amino acid permeases revealed Gap1 activity was inappropriately decreased in cells deficient in both Elm1 and internal tryptophan. Thus, rather than Tat2, misregulation of Gap1, a known target of TORC1 signaling, may be responsible for the delay in colony formation upon DNA damage in the sea3Δ mutant. Indeed, a delay in colony formation upon DNA damage was not observed in the tat2Δ strain ( Figure S10 ), indicating an alternate pathway for tryptophan import upon DNA damage.
In addition to being an essential substrate for protein synthesis, tryptophan is required for the de novo synthesis of NAD+. We found the delay in colony formation in the sea3D mutant was partially suppressed by the addition of quinolinic acid ( Figure 5D ), an intermediate downstream from tryptophan in the NAD+ de novo synthesis pathway, suggesting an increased demand for NAD+ postDNA damage. NAD+ has a variety of roles in both cellular growth and DNA transactions; however, the specific activities driving such an increased demand remain unknown. An increase demand for NAD+ synthesis has been reported in the context of DNA damage signaling emanating from the telomere in the cdc13-1 mutant at the semipermissive temperature, reflected by marked up-regulation of expression of BNA2, which, like tryptophan, is required for de novo NAD+ synthesis. Notably, this was independent of the NAD+-dependent deacetylase Sir2, which has known functions at the telomere (Greenall et al. 2008) . TRP1 also was identified in a genome-wide screen as a suppressor of the cdc13-1 phenotype at the restrictive temperature . As the addition of quinolinic acid only partially suppressed the delay in colony formation in the sea3D mutant, additional NAD +-independent pathways could be perturbed post-DNA damage. For example, an increased demand for tryptophan might also be due to an increase in protein synthesis during the DDR. Further studies are needed to determine the NAD+-dependent and -independent pathways underlying the increased demand for tryptophan post-DNA damage.
In summary, these findings reveal a new class of DNA recovery mutants, distinct from those defective in terminating the DDR, that impact the status of tryptophan, an important determinant of growth post-DNA damage. Several of the commonly used yeast strains, including S288c, W303, SEY6210, YPH274, and their derivatives, are auxotrophic for tryptophan as the result of trp1 mutations. TRP1 is also a commonly used selectable and counterselectable marker. Thus, this work raises the possibility that the DNA damage sensitivity phenotype of some previously identified genes may be a synthetic phenotype with a background trp1 mutation. Conversely, mutations rescuing a DNA damage phenotype could be caused by the use of TRP1 as the selectable marker. Addressing whether a DNA damage phenotype manifests if a strain is auxotrophic for tryptophan or other nutrients may provide important insight into the potential pathway it affects in response to DNA damage.
The SEACAT and the Iml1 complex are functionally conserved in humans. To date, somatic mutations in the human IML1/SEA1 homolog, DEPDC5, have been found mutated in cancers (Bar-Peled et al. 2013 ) and germline mutations have been found in familial autosomaldominant epilepsy and focal malformations of cortical development (Dibbens et al. 2013; Ishida et al. 2013; Martin et al. 2013; Picard et al. 2014; D'Gama et al. 2015) . It is anticipated that homologs of other members of the SEA complex, including SEA3, will also prove to be clinically relevant.
